The rapidly expanding Zika virus (ZIKV) epidemic has affected thousands of individuals with severe cases causing Guillain-Barr e syndrome, congenital malformations, and microcephaly. Currently, there is no available vaccine or therapy to prevent or treat ZIKV infection. We evaluated whether sofosbuvir, an FDAapproved nucleotide polymerase inhibitor for the distantly related hepatitis C virus, could have antiviral activity against ZIKV infection. Cell culture studies established that sofosbuvir efficiently inhibits replication and infection of several ZIKV strains in multiple human tumor cell lines and isolated human fetalderived neuronal stem cells. Moreover, oral treatment with sofosbuvir protected against ZIKV-induced death in mice. These results suggest that sofosbuvir may be a candidate for further evaluation as a therapy against ZIKV infection in humans.
Introduction
Zika virus (ZIKV) is a flavivirus of the Flaviviridae family that can be transmitted by the bite of female Aedes mosquitoes, through a sexual route, from a pregnant mother to her unborn fetus, by blood transfusion, or other bodily fluids (Anderson et al., 2016; Barzon et al., 2016; Miner et al., 2016a,b; Petersen et al., 2016a,b; Swaminathan et al., 2016) . ZIKV was isolated initially from a rhesus monkey in the Zika forest near Entebbe, Uganda in 1947 (Dick, 1952; Dick et al., 1952) , and is related closely to other viruses that cause significant global morbidity including yellow fever (YFV), Dengue (DENV), Japanese encephalitis (JEV), and West Nile (WNV) viruses . Although once an obscure virus that caused only sporadic outbreaks, ZIKV is now a major and emerging global health problem due to its epidemic spread in South, Central, and North America and ability to cause severe disease in utero and in adults.
Most symptomatic ZIKV infections cause a mild febrile illness associated with rash, arthralgia, and conjunctivitis (Lessler et al., 2016) . The recent epidemics, however, have been linked to Guillian-Barr e syndrome (GBS) in adults (Brasil et al., 2016a,b; CaoLormeau et al., 2016; Oehler et al., 2014) and microcephaly in infants born to ZIKV-infected mothers (Araujo et al., 2016; Brasil et al., 2016a,b; Paploski et al., 2016; Rasmussen et al., 2016) . ZIKV infection also can result in meningoencephalitis, shock syndrome (Zonneveld et al., 2016) , spontaneous abortion, and intrauterine growth restriction (Carteaux et al., 2016; Miner et al., 2016a,b) . Despite the potentially devastating consequences of ZIKV to humans, currently there is no countermeasure to control infection and mitigate disease (Petersen et al., 2016a,b) . In light of the increasing global transmission of ZIKV, including locallytransmitted cases in the United States, the identification of potential antiviral drug targets and compounds with inhibitory activity has become urgent. Similar to other flaviviruses, ZIKV is a~10.8 kb positive-strand RNA virus containing 3' and 5' UTRs and a 5' type 1 cap structure (Ye et al., 2016) . After ZIKV enters into the host cell, the RNA genome serves as a template for translation of the viral polyprotein, which is later cleaved by host and viral proteases into ten constituent viral proteins. Three structural proteins (the capsid [C] , premembrane [prM] , and the envelope [E]) contribute to the formation of new viral particles, whereas the seven remaining nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) contribute to virus replication and immune evasion. ZIKV NS5 is divided into two domains. The N-terminus contains the methyltransferase and guanylyltransferase activities that contribute to formation of the 5' cap structure (Bollati et al., 2009; Egloff et al., 2007; Geiss et al., 2009; Issur et al., 2009 ) and the C-terminus contains the RNA-dependent RNA polymerase (RdRp) that facilitates synthesis of new viral genomes (Choi et al., 2004; Grun and Brinton, 1986; Tan et al., 1996) . The RdRp domain is an attractive target for antiviral drug design because human cells lack RdRp activity, resulting in fewer deleterious side effects from RdRp inhibitors (Deng et al., 2016; Zmurko et al., 2016; Zou et al., 2011) . Targeting of the RdRp domain and its enzymatic activity with small molecule compounds has been a successful antiviral strategy for other related RNA viruses including hepatitis C virus (HCV), which also is a member of the Flaviviridae family. Sofosbuvir is an RdRp inhibitor that is approved by the Food and Drug Administration (FDA) for the treatment of HCV infection (Keating and Vaidya, 2014) . Sofosbuvir is an orally available nucleotide analog inhibitor prodrug; in hepatocytes it is metabolized to 2-F-2-C-methyluridine monophosphate and converted to the active triphosphate form that inhibits HCV replication by acting as a chain terminator during synthesis of new viral genomes (Murakami et al., 2010; Sofia et al., 2010) . A recent report suggested that sofosbuvir may be active against ZIKV in human neuroepithelial stem cells by demonstrating that ZIKV NS1 antigen staining was reduced by treatment with 20 mM and 100 mM sofosbuvir (Onorati et al., 2016) .
Given the high degree of structural conservation within the RdRp domain of the Flaviviridae family members (Lim et al., 2015) and known activity of sofosbuvir against HCV, we evaluated its effects on ZIKV infection. Cell culture experiments showed that sofosbuvir inhibited replication of multiple ZIKV strains corresponding to different geographical lineages in human hepatoma and placental cell lines and in human fetal-derived neuronal stem cells. In vivo studies in mice suggested that treatment with sofosbuvir could protect against lethal ZIKV challenge. These results indicate that sofosbuvir may have promise as an antiviral for treatment of ZIKV infection in humans.
Materials and methods

Ethics statement
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were approved by the Institutional Animal Care and Use Committee at the Washington University School of Medicine (Assurance Number: A3381-01).
Viruses
ZIKV strains PRVABC59 (Puerto Rico, 2015) was a kind gift of A. Brault (Centers from Disease Control and Prevention, Fort Collins, CO). ZIKV Dakar 41519 strain (Senegal, 1984) and Brazilian (Paraiba 2015) were provided from the World Reference Center for Emerging Viruses and Arboviruses (R. Tesh, University of Texas Medical Branch). ZIKV stocks were propagated in Vero cells after inoculating at a MOI of 0.1 and incubating for 72 h. Viral titers were quantified by plaque assay as previously described and stocks were stored at À80 C in single-use aliquots.
Cells
Vero (African Green Monkey kidney epithelial) cells and Huh-7 (human hepatocellular carcinoma) cells were maintained in Dulbecco's modified Eagle medium. Jar (human placental choriocarcinoma) cells were maintained in RPMI 1640. All media was supplemented with 10% fetal bovine serum (Atlas) and L-glutamine, and cells were incubated at 37 C in humidified incubators supplemented with 5% CO 2. Fetal NSCs were obtained commercially from Clontech (Human Neural Cortex (Y40050) and Hindbrain (Y40060) Stem Cell Line Kits). The NSCs were maintained in Neurobasal ® -A without phenol red (Thermo Fisher) with the addition of B27 supplement (1:100, Thermo Fisher, #12587010), N2 supplement (1:200, Invitrogen, #17502-048), 20 ng/ml FGF (R&D Systems 4114-TC-01M), 20 ng/ml EGF (R&D Systems 236-EG-01M), GlutaMax (Thermo Fisher, #35050061), and sodium pyruvate. The cells were plated into dishes pre-coated with laminin (10 mg/ml, Sigma # L2020). Cells were grown to near confluency (80e90%) prior to passage. For passaging, cells were rinsed gently with 1Â PBS (without calcium and magnesium) and then accutase (Sigma, A6964) was added for 5 min at 37 C to allow detachment.
In vitro viral infection and drug treatment experiments
Jar and Huh-7 cells were plated in 12-well plates and allowed to attach overnight. Sofosbuvir (Sellekchem) was dissolved in dimethyl sulfoxide (DMSO) and diluted in DMEM media. At 50% cell confluence, sofosbuvir was diluted serially and added to cell media at final concentrations ranging from 1 to 500 mM with a final concentration of 1% DMSO. Cells were infected at the same time of drug or vehicle administration with ZIKV PRVABC59, Dakar 41519, or Paraiba strains at a MOI of 0.1, and plates were incubated at 37 C for 72 h. All conditions were plated in triplicate, and DMSO vehicle only and uninfected cells were used as controls. Cell supernatants were stored at À80 C for subsequent analysis by plaque and qRT-PCR assays. Plaque assays were performed with Vero cells as described previously with minor modifications (Aliota et al., 2016) . Briefly, samples were diluted in 10-fold dilutions and added to Vero cell monolayers in 24-well plates. Virus was allowed to infect for 1 h and then 1 ml of a 1:1 solution of 2Â DMEM with 10% FBS and 1% agarose was added to cells. Plates were inverted and incubated for four days. Subsequently, 100 ml of 0.5% (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT) in PBS was added, and plates were incubated for a further 24 h at 37 C before plaques were counted. qRT-PCR analysis was performed as previously described . Sofosbuvir cytotoxicity was quantified as described previously using CellTiterGlo reagent (Promega) (Stahla-Beek et al., 2012) for all cell lines.
NSCs (10 5 ) were seeded into 24-well plates 12 h prior to infection. ZIKV Paraiba was added at a MOI 5 for 2 h followed by addition of sofosbuvir. In all experiments, mock infected cells were incubated in parallel. Forty-eight hours after ZIKV infection, cells were fixed with 2% PFA diluted in PBS for 10 min at room temperature and permeabilized with HBSS buffer (10 mM HEPES, 0.1% (w/v) saponin (Sigma), and 0.025% NaN 3 for 10 min at room temperature). NSCs were transferred to a V-bottom plate and incubated for 1 h at 4 C with 2 mg/mL of ZV-64 mAb (Zhao et al., 2016) . After washing, cells were incubated with an Alexa Fluor 647-conjugated goat anti-mouse IgG (Invitrogen) for 30 min, washed twice with HBSS buffer, processed on a FACS Array (BD Biosciences), and analyzed using FlowJo software (Tree Star).
Mouse experiments
C57BL/6J mice (5 week-old, Jackson Laboratories) were inoculated with ZIKV by subcutaneous (footpad) route with 10 5 FFU of mouse-adapted ZIKV Dakar 41519) in a volume of 50 ml. Treatment with sofosbuvir was performed as follows: one day after ZIKV infection, mice were administered 33 mg/kg/day (0.67 mg of sofosbuvir per day for each 20 g mouse) of sofosbuvir dissolved in Kool-Aid or Kool-Aid vehicle control for seven consecutive days (þ1, þ2, þ3, þ4, þ5, þ6, and þ7). Daily weights were measured and survival was monitored for a total 21 days.
Statistical analysis
All data were analyzed with GraphPad Prism software. KaplanMeier survival curves were analyzed by the log rank test, and weight loss and viral infections were compared using an ANOVA with a multiple comparisons test. A P value of <0.05 indicated statistically significant differences.
Results
Inhibition of ZIKV infection in cells by sofosbuvir
We tested whether sofosbuvir could inhibit the replication of ZIKV in cell culture. Increasing concentrations of sofosbuvir ranging from 1 to 500 mM were added to human Huh-7 hepatoma or Jar human placental choriocarcinoma cells. Cell cultures were inoculated at a multiplicity of infection (MOI) of 0.1 with different ZIKV strains (Dakar 41519 (Senegal, 1984) , PRVABC59 (Puerto Rico 2015), or Paraiba (Brazil, 2015)) corresponding to African and American isolates. Three days later, cell culture supernatants were tested for viral yield by plaque and qRT-PCR assays. Plaque assay results revealed that high concentrations of sofosbuvir reduced infectious virus yield in both Huh-7 and Jar cells with EC 50 values of 1 mMe5 mM and EC 90 values of 12 mMe44 mM for all three ZIKV strains ( Fig. 1A-C) . Analysis of viral RNA by qRT-PCR showed a similar inhibition by sofosbuvir, especially at higher concentrations of drug (Fig. 1D-F) . Importantly, the CC 50 of sofosbuvir in these cells was >200 mM (Fig. 2) , resulting in a selectivity index of !40.
Sofosbuvir next was tested for antiviral effects in more physiologically relevant human fetal-derived hindbrain and cerebral cortex neuronal stem cells (NSCs). NSC were exposed to ZIKV Paraiba at an MOI of 5, treated with 2 mMe125 mM sofosbuvir at time 0, incubated for 48 h, and then analyzed for ZIKV E protein antigen by flow cytometry. Sofosbuvir significantly inhibited ZIKV infection of hindbrain (Fig. 3A) or cerebral cortex (Fig. 3B) -derived NSCs cells at concentrations of 8 mM or greater, with an EC 50 of~32 mM.
Importantly, sofosbuvir was essentially non-toxic to both cell types (Fig. 3C . The antiviral activity in the non-hepatocyte Jar placental cells and human NSCs confirmed that the sofosbuvir prodrug likely would be activated in non-hepatic tissues, which is critical as ZIKV targets other cell types in vivo including neuroprogenitor cells.
In vivo protection with sofosbuvir
In recent studies, we generated models of ZIKV pathogenesis in mice deficient in type I IFN signaling Miner et al., 2016a,b; Zhao et al., 2016) . To evaluate whether sofosbuvir protects against ZIKV infection in vivo, we treated 5 week-old WT C57BL/6 mice beginning at day À1 with a single dose of anti-Ifnar1 antibody and then infected animals at day 0 with a mouse-adapted African ZIKV strain (Dakar 41519) that is more pathogenic in mice than isolates from Asia or the Americas Miner et al., 2016a,b; Zhao et al., 2016) . Sofosbuvir is orally bioavailable in humans, so we tested if sustained oral treatment by administration of drug in drinking water would provide protection against ZIKV in mice. Sofosbuvir (estimated at 33 mg/kg/day per oral route) or vehicle control were administered to mice via addition to their drinking water (supplemented with Kool-Aid ® to promote oral intake) beginning at day þ1 after ZIKV infection for seven consecutive days (from day þ1 to þ7). Therapeutic administration via drinking of sofosbuvir protected some of the animals against disease with greater overall survival rates observed compared to vehicle-treated controls ( Fig. 4A , P < 0.05). Mice that succumbed to ZIKV infection showed marked weight loss, whereas surviving infection maintained weight during the course of the experiment (Fig. 4B ).
Discussion
ZIKV continues to spread in the Americas and other parts of the world. The severe clinical manifestations associated with ZIKV infection have prompted an urgent call for the development and implementation of effective anti-ZIKV therapeutics and vaccines. Although the need for an anti-ZIKV drug therapy is great, this challenge is occurring in the background of an absence of commercially available treatments for any member of the Flavivirus genus. Our study reports promising antiviral results against ZIKV infection with an existing, available FDA-approved HCV drug was added in equal volume to media and wells were read for luminescence after 10 min at 37 C. Results are the average of three independent biological replicates with standard deviation shown. Fig. 3 . Sofosbuvir reduces ZIKV infection in human fetal-derived neuronal stem cells. Human NSCs derived from fetal hindbrain or cerebral cortex were infected with ZIKV Paraiba at an MOI of 5 and treated with the indicated concentrations of sofosbuvir. A-B. Forty-eight hours later cells were harvested, fixed, permeabilized, stained with an anti-E protein antibody, and processed by flow cytometry. The data is pooled from three independent experiments, each performed in triplicate. The error bars indicate standard deviations. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 (one-way ANOVA with multiple comparisons correction compared to 0 mM). C. Cytotoxicity analysis of sofosbuvir in human NSCs.
NSCs were incubated with the indicated concentrations sofosbuvir for 48 h, then cell viability was determined using CellTiter-Glo. The data is pooled from two independent experiments performed in duplicate. D. Flow cytometry histograms from data in panels A and B showing inhibitory effect of sofosbuvir against ZIKV infection in human NSCs. One representative experiment of three is shown.
sofosbuvir.
A recent study suggested that sofosbuvir has activity against ZIKV (Onorati et al., 2016) , but this study only looked at ZIKV NS1 staining in the presence of 20 mM and 100 mM sofosbuvir and did not assess the effect of sofosbuvir against viral replication. Therefore, demonstration of the efficacy of sofosbuvir against viral production and establishment of EC 50 and therapeutic index values is critical for further evaluation of sofosbuvir as a potential anti-ZIKV agent. We found that ZIKV infectivity was significantly inhibited by sofosbuvir in vitro. Sofosbuvir treatment of different cell types of distinct lineage inhibited infection with a selectivity index of !40, indicating a substantial difference between toxic and therapeutic concentrations. Although studies with a more extensive panel of ZIKV strains is necessary, the similar responses to sofosbuvir by African and American ZIKV strains, which vary by 3e5% at the amino acid level, suggest that a range of circulating strains will be sensitive to treatment, increasing the likelihood that sofosbuvir will be useful over a broad geographic range.
Sofosbuvir is a nucleotide analog inhibitor that became commercially available in 2013 and is currently formulated in combination with ledipasvir (as Harvoni ® ) as a treatment for chronic HCV infection. In Huh-7.5 cells, sofosbuvir shows an EC 50 of 500e850 nM against genotype 1a and 3a HCV viruses, which is close to the EC 50 of sofosbuvir against ZIKV in Huh-7 cells (1.37 mM e 4.6 mM) (Ramirez et al., 2014 (Ramirez et al., , 2016 . Sofosbuvir has a high rate of viral clearance, relatively few side effects, and requires a shorter course of treatment compared to prior HCV therapies (Berden et al., 2014; Cholongitas and Papatheodoridis, 2014) . Though sofosbuvir resistance development has been reported, and is mainly associated with S282T mutations in the HCV NS5B RdRp (Lam et al., 2012) , it has been slower to develop compared to inhibitors of other HCV proteins such as the NS3/4A protease (Rong et al., 2010; Sarrazin and Zeuzem, 2010) . This may be due to the high degree amino acid conservation in the RdRp domain and the lack of fitness observed in viruses with drug-induced RdRp mutations (Dutartre et al., 2006; Koonin and Dolja, 1993; Migliaccio et al., 2003) . Studies examining the potential for sofosbuvir resistance to occur with ZIKV are currently underway. Moreover, as other candidate drug therapies against ZIKV are validated (Xu et al., 2016) , combination studies with sofosbuvir could be initiated, which would be expected to limit resistance emergence. Using a recently established ZIKV pathogenesis model in WT C57BL/6 mice treated with an anti-Ifnar1 blocking antibody , we showed that sofosbuvir protected mice against ZIKV disease and lethality. Sofosbuvir is orally bioavailable and is administered via ingestion, so to provide a sustained dosing of drug we chose to administer sofosbuvir in drinking water. Therapeutic oral administration of sofosbuvir with a physiologically relevant dose (~33 mg/kg/day x 7 days) prevented weight loss and death in 50% of treated mice. However, higher concentrations of sofosbuvir via oral administration were not effective and resulted in toxicity to mice (J. Govero and M. Diamond, unpublished observations) . There may be differences in the metabolism of sofosbuvir in mice compared to humans that result in less efficacy and/or greater toxicity in mice; whereas the pharmacokinetics/pharmacodynamics of sofosbuvir are well described in primates and humans (Osinusi et al., 2013; Regan et al., 2016; Rodriguez-Torres et al., 2013) , studies in mice have not been published. Nonetheless, unpublished pharmacokinetic studies in mice by Gilead indicated that sofosbuvir (Sovaldi) had low stability in rodent serum, potentially due to high esterase activity (European Medicines Agency assessment report EMA/CHMP/688774/2013). While sofosbuvir efficacy in mice is modest, this report is the first in vivo demonstration that a small molecule therapeutic can protect animals against ZIKV infection. Many ZIKV pathogenesis studies currently are being conducted in mice, and rodents are considered first-line animal models for antiviral drug testing. Because sofosbuvir is less stable in rodent serum, its anti-ZIKV activity in vivo may be underestimated in mice. Demonstration of efficacy in small animal models is generally a prerequisite for therapeutic testing in non-human primates and human volunteers, and our findings provide justification for further in vivo testing. We suggest that the efficacy of sofosbuvir against ZIKV should be assessed further in non-human primates or human patients rather than in mice.
Although animal studies with sofosbuvir have failed to reveal evidence of fetal harm (Cada et al., 2014) , there are no controlled data in human pregnancy. Sofosbuvir is recommended for use in combination with ribavirin (which can cause birth defects) and/or pegylated interferon (which displays abortifacient effects) to treat HCV infection and has therefore been classified as category B and not recommended for use in pregnant women. Therefore, the immediate use of sofosbuvir as a monotherapy for preventing microcephaly and other congenital malformations seems unlikely until the effects of sofosbuvir administration during pregnancy are well-understood. So what populations might benefit from treatment? Although clinical trials are needed, sofosbuvir might be used in men and non-pregnant women to prevent chronic persistent infection or damage in tissues (e.g., male reproductive tract Mansuy et al., 2016; Turmel et al., 2016) ) that could promote sexual transmission or diminish viremia to disrupt the infection cycle with Aedes aegypti mosquitoes. High-risk individuals entering into an endemic area for brief periods also might benefit from short courses of sofosbuvir prophylaxis. However, a key factor in sofosbuvir being used to prophylactically or therapeutically treat ZIKV infection is price. Currently, a 12-week regimen to treat chronic HCV infection costs approximately $84,000. This high cost Fig. 4 . Therapeutic effect of sofosbuvir in mice. Five week-old WT C57BL/6 mice were treated at day À1 with 2 mg of anti-Ifnar1 blocking mAb. On day 0, animals were inoculated via a subcutaneous route in the footpad with 10 5 FFU of mouse-adapted ZIKV Dakar. On day 1, oral therapy was initiated with~33 mg/kg/day sofosbuvir dissolved in Kool-Aid ® or Kool-Aid ® vehicle control. Survival (A) and aggregate body weights (B) were recorded. Results are pooled from two independent experiments with a total of n ¼ 10 in each group. *, P < 0.05 (log-rank test).
may put sofosbuvir out of reach for many individuals in lowincome areas unless pricing is reduced. Therefore, sofosbuvir treatment may be a valuable tool in combatting ZIKV spread.
Conclusions
We evaluated whether sofosbuvir, an FDA-approved nucleotide polymerase inhibitor for the distantly related hepatitis C virus, could have antiviral potential for ZIKV infection. Cell culture studies established that sofosbuvir efficiently inhibits replication and infection of several ZIKV strains in multiple human tumor cell lines and isolated human fetal-derived neuronal stem cells without significant drug toxicity. Moreover, oral treatment with sofosbuvir protected against ZIKV-induced death in mice. Sofosbuvir may be a candidate for further evaluation as a therapy against ZIKV infection in non-human primates and ultimately humans. 
